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10 Claims, 7 Drawing Sheets

f‘i‘hr&a& AJ
e O N i

| Thread B
- P ?-.-1-1 ............ : ""'
;
/
/
f
.!Z.
¢
/
§ P KL ff
j2
""f |

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

-
e R R e it e T T e it ot A A N b FE PP L LV L R A

B I R T T R T T T R T T I T T T T T N T T TR T



1 34ndy

US 9,104,500 B1

Sheet 1 of 7

S

ks

3N3AD _

BOBIBIU| NIOMIBN |
Y,

o

w mnding/nduy

Aug. 11, 2015

U.S. Patent

S oLt



US 9,104,500 B1

o @.3@ =4

mm_“m_mmxm M_mm
ISR

i
e
furn
L______]L____*________
. .{'
1
]
i
}
X
1
]
)
v
v
¥
y
:
!
ol

Ase}
Puterdiy ]

Eahak e e B R TR T
B Sl sl sliysisrsiyei sl

R R W N S S W W W ag gy
'

i ey oy oy -.
L
iy e i -l v

Sheet 2 of 7

el bl e el ol ol ol ol oal ol o

e qop

bl ko s el bl L 1..__-...__-...:-...._-..._ L ]

L
o’
s
:".
y
a
b
3
i
:
L)
i
{
¥
. §
r !:
>y
v
i TR
L |
!
)
{
]
j
s
{

B speregeregerageraguragerege. s
A A AT T8 A A A A A A A
Lk

1.

Aug. 11, 2015

U.S. Patent

o L »wx et “ ml _._(.-m . . W
Y m.._ T ;
M_# M ~ . ‘. m w..,._
J_“ s_n' . . . ..._.” "
f .,__,...* T, e w : Iy
.................. — £ _ BINPBLLS 1 X

. . | 3 _
N x_ : 5472 SO0F
\ “ 45 i
_...,.r e, ,,.M..,u. w w.ﬂd ......0..
._,...m. o . iy Y2 i g W
.k i Quxy 1 isinpeysg
“ N | o nm e e Pt
e BADS



U.S. Patent Aug. 11, 2015 Sheet 3 of 7 US 9,104,500 B1

-- :i ﬂ- -,.'\.F
AU e

s ! Thread A

- -
' R
- '..'-‘I.- . ‘.\—’
LA ]
. '-r'qrilrﬂr#q-'#'###-t'ﬁtq-q-'-t-'-'&'ﬁ""f

Thrmd 8

""--'."-MIH-'
L]

Ekeﬁutmg;ﬂbsﬁw ]

mimle we -

N 3 v : .

1 . ) g .

- Wai mg 30 & .-

1 . . . . . -

: T TR T TR L R L T TR EL T gl ik kg, -‘--i--i--‘.i-"-p-pi‘i-.ql oL L L R L L S e LT T e . e P i -

I . T

: i

1 a- :

1 - LI
R L B B S AR e : T S S PR S WPTE PR

.Ffigufﬁ 3A

' -------- ------- --q-.q-q-q.-q.-.r.-‘l

Thmada

..l'

3

—— -.-'f!

I!_-I_-I_i.ﬂ_l_l_!_l_!_I_-I_l_-llilili_l_-l-_!-_i-_l_!_l_ili_l_\.ilq-_i_l_l_l_l_!_l_l_lll_l_-llil LI DA R DL TR T DAL UL DAL D R R AL PR TRL R DL U IR D DR PR VAR VAL B TR DAL TR DR TR DAL U PN BN IFLINL DN U U PR P : LI N -\.._;._._.._J._._-_: _______ o L h_ e E_m_m_m. O [ N

Exe{:utmgj ______________________________ =

1
e e S e e e +++-r--r--r--r-+++++++-+-|-++-|--|-+4+++++++++++++++++-|--|-++++++4+++++++++++++++#-—+-+dr-++-—++4d|--d|- i e R I R e I I A A A T )

Waiting Jabﬁ

-l.‘-...-...i...-...-...-...-._r:

:

F
3

F
0
:
2

]
y
:
2

- Sugpended jobs

LG BN B JE B N BE B B JC BE OE B RE CNC B NE BT BE BE B NE N B B NE JE JE O I N N O

Ty

L}
1
1
1
1
1
b L B B L L e e e e e e B e + * +'+4++4+*4++4+*+++4++4+1‘+++4++41‘1‘41‘1‘41‘1‘*1‘1‘""1‘4*1‘4*11‘1‘1‘*'#_1‘4"1‘41‘1‘4**'*1‘41‘1‘41‘1‘41‘1‘41‘*‘++4++4++4++11+4++4++4++41+1*
1
1
L}
1
1

..._...,.._ ey

F;gu e 3B



U.S. Patent Aug. 11, 2015 Sheet 4 of 7 US 9,104,500 B1

& - oiic olir e ool o o ol ol ol ok ol R i-\.i-\.i-li-l et B B B e M oy -I.I-.il-l...l-...ﬂililil-....lihﬂ

4--5&?

a, o o o Y st W i i B i o T e

oy S By B, ﬂﬁﬁﬁﬁﬁ%ﬁiﬁ%ﬁww R 0 0 8 0

Figure 3C

a1

Thraad ﬁ)
A, | vjéw"’""‘*""‘"""‘“"ﬁ

-----------------------------------------------------------------------------------------------------------------------------------------

| Executing jobs 4.5

''''' -‘\--'--'\--'\--'-"-'\--------‘\--'\---‘-‘--'\--'\--‘--- '\---- --'\--‘-'\------------‘--i---- B B B B B B B A l.----l.-l.-.r----i-i---.---Iri---i-i-i-lr.---'-jli-'i----- i------------i--i-----i-i-l.-l.--i--l---i---l.-.-l.-l.--l.-l.-l.--l.-i-.---bbbbbb.bb*bbbb'bbbbbt--

Waitmg 3&&% 8.7

'
4444444444444444444444444444444444444 R i e e e e e e e i I R R R R R R R R R R R R N R R R N e R R R N R R N L TCIC L I R LT T LS LK |

..........................................................................................................................................



U.S. Patent Aug. 11, 2015 Sheet 5 of 7 US 9,104,500 B1

g
i Thresd A |

A A, B A, B, By eyl o, o,y e,

. M\

o
Threaﬁ 5 i
we"'

o

..?,.t

.......

=gy mmyyayy ey WA R R R R R

Executingjobs 5

Waltingjobs 87
Suspendedjobs 1.23

hhhhhhh A A e, .l el e

hread B ' J




U.S. Patent Aug. 11, 2015 Sheet 6 of 7 US 9,104,500 B1

Thmad A

Executingjobs T T27 o
. Wailing jobs

] ]
i gl WWﬁMWWMWWMMWW%%1'H'1-1'H'1-1---.---.---.- T

.......

‘Susperded jobs 1.3

Figure 3G

Thread A |

...............................

T e et T e Tt Lt e T T T R TR LT T T T R PP M

Ewecutingjops 7
Wﬁit ﬂq j&b% " ‘

1 1 -

........................................................................... T T I L T P
- - L]
1

.....
44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444



U.S. Patent

Aug. 11, 2015 Sheet 7 of 7 US 9,104,500 B1

LT VY

rhrrrrrrbrrrrbrrr b b rr s T rrr > 4-!-!-'44444#-!+44_4_4_4_4_4_4_4-_4_44-444-444444 4. n A l-.ql-...-...-..-.l-.l-._.'.r.".'.r.rq.‘_.'.'.r.".'-_.'.‘_.1_.__'.,'_.__.1_-__-1_-__-__.__.'..__________-__-__.__.__-__“__..__..__..__..".__'._:._:.__',_.“_.“__',‘1“'-_“'""":.‘
P . . . . . . . . . - .. . -
I I. .. ‘.
1 i, L b
4 [} L] 1I
4 I.- d ‘-
1 i - ) t
4 [ ] -

i##t-i#_#_#_-b_#_#-_-b_-b-i#-i###4###4444# Jll--tl--ll--!l--ll--ll--ll-ll--ll-|l-ll--llJ!-l--i--ll-ll--ll-«l oL R R I I I I I I T T B lr LI T T 1-1".'1-1‘-'.'.‘.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'""--"'-1'--"-1-"'t.
1 . i,

1 - i

4 a3 - I

1 . i,

4 l__ 1'
1 - - i 4
tbi#b####b#i##i##**#* o iy *ﬁ*##fffﬁfﬁﬁ#ﬁi#ﬁi##ﬁ##ﬁlﬁ-ﬁ-I-I-Il_'_l_l_-ﬁ_l_ll-l--l--I--I--I--I--I--I--I--I--I--I--I-l-l--l-l--i--i--l--i--i--i--l--l--l--i-i--i-l--l-ll-l-*-i--l--l--l‘a-i--l--l--i--i-l-l'r-i--i--l-i'a'aHi_i‘l‘\_\'ﬁ‘l_l'\iiﬁii'ﬁ'iﬁ\ﬁié
a L e T T T e e e T i -

I o . :
: - P '
. i ]

] ' i [ ]

1 v Ed .
..--l-i--l--l--l--l--l--l-i-.-i-i-i-i--i-i-i-i-i—l-i-i-i-i—i-i-i-i—i-i-i-i-i-i-i—i-i-i-i-i-i-i-i-i-i-i--i-i-i-i-i-i-l-i-i--ri-i-i--r-r"-r':a- FrrFrrrrerrrrr>r -'l. A ***’**’"'*"'*’"*’"--"r- [ ——— i el

Figure

e

B

S
Tﬁ‘rmcieﬂ :

w

TN TS T T T T P T TN . . e e T TE e T e e e T e e e o T T T T T ST T T T T T T Ty g Ty Ty T oy T T T T T T e
B

*xe Lﬂﬂ*iﬁba 1

4444444444‘-4‘-44444#44444444 44414444-'--1--'-4-'-**-1-4-4444]-444Q--I--l--l--l--l--l--l--I--I--I--I--I-I-I-I-_-II-I-_-I.-I-_-II-I-_-Illll-.-l-l-_-l-l-i-_i-l-l-l-l--I-.-I-a-.-l--l-l-l--li-l--.-l-l-li.iilihhi el ol ol ol ol ol ol ol ol ol ol ol o e ol ol e e el o o e e e e e e e e e e

el

[ T S T N N T T N T i
......J.-.....

.‘i' L e e e i e e e e e T e e e e e e T e e I N B N

R LTt
ip ey e selrrnirives

---...il-

-##b###b#b##i—#'##i—b## i-i-i-i-i-i-i-i-i-i-i-i-i-i-l-'-‘-i-i—i-i—i-i--l--l—i- #b#######++###-I-i-i-i--l--i--l--l--l--‘--l-i-li--i--l-i-l--l-i--l-'l-'--l--l-i-ll-I-i-bi—**i—b******b****bbbbh-bbbbb*bbbbbbbb#ﬁ#bﬁ##ﬁ#h###ﬁﬁ#b

Figure 3d



US 9,104,500 B1

1

LOCK-FREE JOB SCHEDULER FOR
MULTI-PROCESSOR SYSTEMS

BACKGROUND

This mvention relates generally to multi-processor sys-
tems, and more particularly to providing an efficient, scal-
able, user-friendly framework for parallel execution of jobs 1n
computationally mtensive processing environments.

The advent of multi-core CPUs comprising two or more
execution cores on a single die (chip) that execute multiple
processing threads (including processes, kernel-space or
user-space threads) simultaneously 1n parallel has increased
the per-socket processing throughput of microprocessors, but
poses a new challenge to the software industry, 1.e., how to
clfectively use multi-threading for computationally intensive
problems with minimal synchromzation overhead. Multi-
processor systems prove very efficient when a workload con-
tains long-running and independent work units (jobs). For
example, on web servers, each incoming request 1s indepen-
dent of others so 1t can be scheduled to execute on a separate
core without iteracting with threads running on other cores
(for static web content). However, many other more complex
and demanding workloads involve jobs with intricate inter-
dependencies. A job may involve side computations, for
example, to build or retrieve required mput data and/or pro-
duce an output for other jobs. Thus, a “parent” job may spawn
one or more other dependent “child” jobs (children) that must
complete betfore the parent job 1tself completes. While multi-
processor systems advantageously enable jobs to be sepa-
rated and executed simultaneously in parallel 1n separate pro-
cessing threads, the jobs must be synchromized and their
execution coordinated because of their dependencies. This 1s
particularly so for solving computationally intensive prob-
lems.

Job dependencies have been traditionally resolved using
synchronization primitives such as mutexes (processing
locks) and event signaling, in which a parent job waits for 1ts
children jobs to notify the parent job to indicate that they have
completed before the parent job resuming its processing.
Threads may also notify each other that there 1s available
work to pick up. However, processing locks and signaling
require operating system (OS) involvement, and, as such, are
too expensive. They are too costly for use 1n synchromizing
and scheduling short-running jobs, e.g., less than 10,000 CPU
cycles per job, and far too mefficient for optimal multi-core,
multi-threaded processing of more complex jobs.

What 1s needed are job scheduling and synchronization
approaches for use with multi-processor systems that afford
an elficient framework that enables jobs to be suspended
when spawning children and to be resumed when the children
complete, while avoiding the use of locks. Additionally, for
optimum processing, the framework should identify common
tasks (jobs) that are semantically equivalent and required for
multiple purposes so that they may be executed once 1nstead
of multiple times to avoid wasting resources. Moreover,
multi-threaded programs are notoriously difficult to develop,
program and debug, particularly for a complex workflow.
Accordingly, the scheduling framework should desirably be
simple, tuitive to use, and preferably hide the intricacies of

parallel programming {rom the application developer.

It 1s desirable to provide systems and methods that address
the foregoing and other problems of scheduling computa-
tional jobs to processing threads running on multi-processor
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2

systems and that achueve the above objectives. It 1s to these
ends that the present invention 1s directed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a multi-processor system architecture of
the type 1n which a scheduler 1n accordance with an embodi-
ment of the mvention may be employed;

FIG. 2 1s an overview of the architecture of the scheduler of
the system of FIG. 1 and 1ts functioning 1n connection with
10bs and threads;

FIGS. 3A-J are diagrammatic views that 1llustrate a sched-
uling mechanism 1n accordance with the invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The invention 1s particularly well adapted for query opti-
mization in a multi-threaded program with job dependencies,
and will be described 1n that context. As will be appreciated,
however, this 1s illustrative of only one utility of the invention
and that the mnvention may be employed with other types of
processing systems, including multi-processor systems,
multi-core CPU systems, and single-core CPU systems.

FIG. 1 1s a diagrammatic view that illustrates a multi-
processor, multi-threaded processing system 102 of the type
in which a scheduling system and process in accordance with
an embodiment of the invention may be embodied. As shown,
the system may comprise a multi-core processor 110 com-
prising a chip or die having a plurality of separate and inde-
pendent CPU execution cores 110_A-110_N for simulta-
neously executing in parallel multiple processing threads of a
workflow. Each core may comprise a CPU, iterrupt logic,
execution units, and a cache to enable the core to run a process
independently. The system may further comprise user mnput/
output devices 112 for interfacing with the system. The sys-
tem may be a standalone multi-processor system, or it may be
a processing system 1n a networked environment, in which
case the system may include a network interface circuit 116
for external communications connected together with cores
110_A-N to a communication bus 114. The system may fur-
ther comprise storage memory 120 comprising conventional
physical (non-transitory) computer readable media such as
semiconductor, magnetic, and optical media, and the like, for
storing executable instructions (computer programs) for con-
trolling the operations of the CPUs of the multiple cores.
Memory 120 may comprise a main memory 122 for storing,
for example, operating system and application programs,
data, etc. A portion 124 of memory 120 may store a scheduler
program in accordance with the invention comprising mnstruc-
tions for synchronizing and coordinating the operations of the
execution cores to execute worktlow jobs that runs on the an
execution core or of the system 102. In addition to the oper-
ating system and application programs, each of processing
cores may also execute scheduler program 1nstructions.

As will be described, the invention affords a highly scal-
able scheduler system and method that synchronize, coordi-
nate, and optimize multiple processing threads 1n a multi-
processor environment without using locks. A scheduler in
accordance with the mvention can synchronize, monitor and
schedule jobs, and coordinate their creation, runming, suspen-
s1on and resumption, as well as account for job dependencies.
The scheduler may perform these functions without employ-
ing processing intensive locks by using low processing over-
head atomic operations, such as compare-and-swap, to
update lists of jobs and counters indicating numbers of active
(running, suspended and queued) jobs. The scheduler may
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maintain 1internally sets (lists) of jobs that can execute, map
(assign) jobs to available processing threads, notify available
threads to wake up and become active when there are jobs to
handle, and enable parent jobs to resume when their child jobs
complete.

FIG. 2 illustrates an overview of the architecture of the
scheduler 124 of FIG. 1, and 1ts functioning 1n connection
with scheduling, coordinating and synchronizing multiple
jobs and threads. As shown in the figure, scheduler 124 may
have one or more lists of jobs, including a lock-free list 200
(SyncList) of queued jobs 202 awaiting execution, and may
have active jobs counters 210 comprising counters that main-
tain current numbers of active (running, suspended and
queued) jobs. The lists and the counters are atomically
updated 1n order to minimize synchronization overhead.

As shown 1n the figure, when a parent job, e.g., 220, 1s
dependent on the results of other jobs, it may spawn multiple
chuld jobs 222, 224 to satisiy such dependencies, and each
chuld job 224 may 1tself become a parent job and spawn other
child jobs 226 as determined by 1ts dependencies. Child jobs
226 may similarly spawn their own child jobs 228. Jobs are
spawned by the threads executing the processing tasks. For
instance, thread 232 executing a task of a job 226 may create
a new child job 228, as indicated 1n the figure. The dependen-
cies are determined by the programmer who develops and
programs the tasks for a given processing workilow. As
shown, this process of spawning jobs because of dependen-
cies results 1n a hierarchy of a plurality of jobs which need to
be scheduled, synchronized and executed. This 1s handled by
the scheduler 124. The complexity of this hierarchy 1s deter-
mined by the particular processing tasks of the workilow
involved as constructed by the programmer. This workflow
may comprise, for example, finding the optimal plan for a
complex query to execute i a distributed database. The
invention 1s used to solve this optimization problem in a
parallel fashion with minimal synchronization overhead.

Each time a parent job, e.g., job 220, spawns a new child
10b, e.g.,j0b 222, it atomically increments an internal counter
of pending child jobs (to be described), assigns (214) the job
222 to the scheduler 124 for execution, and suspends its
execution pending completion of 1ts child jobs. The scheduler
increments a total active jobs counter (210), adds the spawned
new job to the sync list 200 of queued jobs, and increments a
counter 1 210 of queued jobs awaiting execution. Such
atomic pnmltwes are very “lightweight” and efficient since
they operate 1n user space and do not require mtervention of
the operating system. Thus they mvolve only a few CPU
cycles. In one embodiment, the scheduler does not track
suspended jobs. The scheduler adds the newly spawned child
10b 222 to the list 200 of waiting jobs and increments the
counter 210 of active jobs. The list of waiting job 1s used to
schedule and assign a job, e.g., job 202, for execution. A
thread, e.g., thread 230, retrieves a runnable job from the list
and executes. A parent job may spawn multiple child jobs that
execute 1n parallel. When a parent job spawns a child job, the
parent job 1s suspended, as noted, until 1ts children complete,
at which point the parent job’s dependencies are resolved and
the parent job resumes. Each job has an associated jobs
counter that maintains a count of the number of uncompleted
child jobs. Upon a chuld job completing, the jobs counter of 1ts
parent job 1s decremented, the total active jobs counter of the
scheduler 1s decremented, the next job from the queued list of
waiting jobs 1s retrieved, the queued jobs counter 1s decre-
mented, and the job 1s retrieved for execution. Execution
begins with scheduling a root job 220, and completes when
the number of active jobs becomes zero. A job factory 240
may be shared by all threads 230, 236 to allocate and recycle
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4

10bs using lock-iree atomic operations. The functions of the
scheduler are preferably hidden behind a scheduler API so
that the user (programmer) does not need to know how 1t
operates or to be concerned with job synchronization and
scheduling.

The total number of queued jobs 1s used to control how
many processing threads are used. The scheduler may 1nitial-
ize the thread counter 212 with the maximum number of
threads to use. The threads continue executing jobs until there
1s no work leit in the scheduler’s queue of waiting jobs. When
the number of waiting jobs exceeds a predetermined thresh-
old value, e.g., 10, and there are 1dling threads, one of the
threads may wake up (notity) another thread 11 one 1s avail-
able to pick-up waiting work (jobs). The threshold may be
used to ensure that there 1s enough work for a thread to run for
a substantial interval. This minimizes thread communication.

Multiple threads may participate 1 the lifecycle of a job.
One thread may create a job, another may execute 1t for the
first time, and a third may resume 1ts execution and release 1t.
Each thread may pass a global (thread-safe) and a local
(single-threaded) memory pool to every job 1t executes; the
former 1s used to create objects that are shared by all jobs
while the latter 1s used as scratch space for temporary objects.
This separation allows for use of purpose-specific memory
pools during job execution. Since Job lifecycle may be short
and expand over multiple threads, to avoid the processing cost
ol synchronizing job creation and destruction, the scheduler
may use the job factory 240 to allocate, track and recycle the
pool of jobs, and may update its internal accounting of jobs
through atomic operations with no locking. Moreover, the
scheduler may use job queues to identily semantically
equivalent jobs, and, upon a first thread starting to execute one
of these jobs, suspend execution of the other equivalent jobs.
When the processing thread completes the first job, 1t updates
the semantically equivalent jobs which were suspended.
Thus, such jobs are executed only once, thereby minimizing
processing resources.

FIGS. 3A-3] comprise a sequence of diagrammatic views
that illustrate an example of a scheduling and synchromization
process 1n accordance with the invention. For the purposes of
this example, 1t 1s assumed that there are two threads, Thread
A and Thread B that may be woken up when there 1s one
queued job awaiting execution. In this example, jobs are
indicated 1n the figures by circles, and the number 1n the circle
refers to the job number. The tables 1n the figures of executing
j0bs, waiting jobs and suspended jobs may comprise lists in
the scheduler.

Referring to FIG. 3A, upon a root job 1 (300) be mitially
added to the lock-free job list, it becomes a waiting job as
indicated 1n the table in FIG. 3A. At this point, there are no
executing jobs or suspended jobs, as indicated in the table.
Additionally, at this point the root job 1 has not created any
child jobs. Accordingly, 1ts child job counter 302 1s at “0”,
indicating that there are no child jobs. In FIG. 3B, Thread A
removes the root job 1 from the job queue and begins execut-
ing 1t, as indicated by the line 304. Assuming that the function
of the executing root job 1 has dependencies that require two
child jobs, new child jobs 2 and 3 are spawned and added to
the list of waiting jobs, as indicated 1n the table 1n FIG. 3B.
Job 1 1s now a parent job that has two children, so that its child
10b counter 302 1s updated to indicate “2”. Child jobs 2 and 3
also have child job counters 310 and 312, respectively, which
are at “0” since neither jobs 2 and 3 has any chuldren. The two
jobs are waiting to execute. Thread A wakes up thread B to
start executing jobs.

In FIG. 3C, Threads A and B remove jobs 2 and 3, respec-

tively, from the waiting jobs list and execute them, as 1ndi-
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cated by the arrows 1n the figure. Assuming that processing
functions of jobs 2 and 3 are such that they each spawn two
new child jobs, job 2 then has new child jobs 4 and 5, and job
3 has new child jobs 6 and 7. Child job counters 310 and 312
of jobs 2 and 3, respectively, are each updated to “2” by
Threads A and B, respectively, to indicate that jobs 2 and 3
cach has two children. The threads also update the jobs list to
add the newly spawned jobs. As shown in the table in FI1G. 3C,
j0b 1 remain suspended, jobs 2 and 3 are executing, and jobs
4,5, 6 and 7 are added to the list of waiting jobs. Since none
of jobs 4, 5, 6 or 7 has any child jobs at thus point, their
corresponding child job counters 314, 316, 318 and 320,
respectively, all indicate “0”. At this point there are seven
10bs.

Next, as indicated 1n FIG. 3D, since jobs 2 and 3 have
spawned new child jobs and have dependencies, jobs 2 and 3
are suspended. They will remain suspended until their respec-
tive child jobs complete. This frees up Threads A and B which
become available for other work. Assuming that Thread A
starts executing job 4 and that Thread B starts executing job 5,
as shown by the arrows 1n the figure, j0bs 4 and 5 are added to
the list of executing jobs, and jobs 6 and 7 are added to the list
of waiting jobs, as indicated 1n the table. Jobs 1, 2 and 3
remain suspended.

Referring to FIG. 3E, after completing job 4 Thread A
atomically decrements child job counter 310 of parent job 2 as
indicated by the arrow, and Thread A 1s freed up. Since
counter 310 1s greater than “0”, there are still pending child
j0bs executing. 1.e., job 5, so that job 2 1s not resumed and
remains suspended along with jobs 1 and 3, as shown 1n the
table 1n the figure. Jobs 6 and 7 remain 1n the queue of waiting
10bs.

Referring to FIG. 3F, Thread A may begin executing job 6.
Thread B completes job 5 and atomically decrements the
counter 310 of parent job 2. Since counter 310 now goes to
“0”, job 2 may resume executing, and Thread B begins
executing job 2. Thus, as indicated in the table 1n the figure,
jobs 2 and 6 are executing, job 7 1s 1n the queue of waiting,
j0bs, and jobs 1 and 3 are suspended.

Referring to FIG. 3G, Thread A completes job 6 and
updates (decrements) counter 312 of parent job 3. Job 3 1snot
yet runnable since 1t still has a pending child job (job 7)
awaiting execution.

Referring to FIG. 3H, Thread B completes job 2 and
updates the counter 302 of parent job 1. Job 1 1s not yet
runnable since it still has a pending child job 7. Thread A may
remove job 7 from the waiting jobs list and execute 1t. Assum-
ing job 7 has no dependencies, it need not spawn any child
jobs. Accordingly, Thread A executes the job to completion.
Jobs 1 and 3 are still suspended.

Referring to FIG. 3/, Thread B finds no job to execute and
remains 1dle. Thread A decrements the job counter 312 of job
3 to “0”. Since job 3 no longer has any pending children,
Thread A executes 1t immediately. Thus, the table in the figure
indicates that job 1 1s suspended and job 3 1s executing.

Finally, as indicated in FIG. 3], after completing job 3,
Thread A decrements the counter 302 of job 1 to “0” and
executes the job to completion. At this point, all jobs are
complete.

As may be appreciated from the foregoing, a scheduler 1n
accordance with the mvention by using atomic primitives to
update counters and lists provides a very ellicient scalable
mechanism for scheduling and synchronizing processing
workilow without the necessity of using processing-intensive
locks such as mutexes or spin locks to manage processing
threads. It uses job I lists and counters to keep track of pend-
ing and completed jobs, to assign jobs to transier execution, to
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suspend jobs when they have dependent child jobs to com-
plete, and to reassign suspended jobs for execution when their
chuld jobs complete, all without using processing intensive
locks and synchronization mechanisms. Moreover, the sched-
uler operates to schedule and synchronize multi-threaded
processing completely independently of the specific process-
ing of the application program and transparent to the appli-
cation programmer. It can schedule, synchronize and assign
threads to execute runnable jobs independently, simulta-
neously and 1n parallel without waiting for the results of a job
complete. Thus, the programmer need not be concerned with
developing and constructing programs that implement multi-
threaded parallel execution, thereby substantially reducing
programming complexity.

While the foregoing description has been with reference to
particular embodiments of the invention, 1t will be appreci-
ated that changes to these embodiments can be made without
departing from the principles and the spirit of the imvention,
the scope of which 1s defined by the appended claims.

The invention claimed 1s:

1. A method of scheduling and synchronizing a plurality of
jobs for execution by a plurality of processing threads 1n a
multi-processor system, comprising:

maintaining a list of jobs awaiting execution and counts of

current numbers ofthe jobs on the list, of suspended jobs
and of executing jobs;

assigning jobs on the list of jobs to available threads among,

the plurality of processing threads for execution;

upon an executing parent hob having dependencies spawn-

ing one or more child jobs corresponding to said depen-
dencies, suspending execution of said parent job, updat-
ing said list with said child jobs, and incrementing a
child jobs count associated with said parent job with a
number of the child jobs spawned, said suspending, said
incrementing and said updating said list with said child
jobs being performed by atomic operations without use
of locks;

decrementing said child jobs count upon each child job

completing execution, said decrementing being per-
formed by atomic operations without the use of locks,
and resuming execution of said suspended parent job 1n
response to said child jobs count associated with said
parent job becoming zero, wherein said resuming execu-
tion of said parent job comprises adding said parent job
to the list of jobs, and retrieving said parent job from said
list for execution by a thread; and

updating said list and said counts in response to jobs on the

list being assigned, suspended jobs resuming execution
and executing jobs being completed, said assigning,
maintaining and updating being performed by atomic
operations without the use of locks.

2. The method of claim 1 further comprising incrementing
a first count of jobs on the list upon spawning said one or more
child jobs, and decrementing said first count upon said one or
more child jobs completing execution.

3. The method of claim 1, wherein upon executing a child
10b having one or more dependencies, spawning other child
10bs corresponding to said one or more dependencies, sus-
pending execution of said child job having one or more
dependencies, updating said list with said other child jobs,
and imncrementing another child job count associated with said
chuld job having one or more dependencies according to a
number of said other child jobs spawned.

4. The method of claim 1 further comprising notifying an
available thread to become active and pick up a job on the list
for execution upon a count of said jobs on the list exceeding
a predetermined threshold.
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5. A method of scheduling and synchronizing job execu-
tion in a multi-core, multi-thread CPU comprising:

maintaiming a list of jobs awaiting execution and active
10bs counters respectively indicating numbers of execut-
ing jobs and suspended jobs;

assigning jobs on the list of jobs to available threads among,
a plurality of threads for execution, and updating said list
and the active jobs counters;

upon an executing parent job spawning one or more child
jobs, updating said list of jobs with said child jobs,
suspending execution of the parent job, incrementing a
child jobs counter associated with the parent job and said
active jobs counters according to the number of child
j0bs spawned;

in response to the execution of each of said one or more
chuld jobs completing, decrementing said child jobs
counter, and upon said child jobs counter becoming
zero, resuming execution of said suspended parent job,
updating said list to remove said completed child jobs
and to add said resuming parent job, updating said active
jobs counters, and retrieving said resuming parent job
from said list for execution by a thread; and

wherein said foregoing maintaining, assigning, updating of

said list, and updating of said child jobs counter and said
active jobs counters are performed using atomic opera-
tions without use of processing locks.

6. The method of claim 5 turther comprising notifying an
inactive thread to become active and pick up a job from said
list for execution when there 1s a job on the list awaiting
execution.

7. Computer readable non-transitory storage medium for
storing 1nstructions for controlling the operation of a com-
puter to schedule and synchronize a plurality of jobs for
execution by a plurality of threads 1n a multi-processor sys-
tem, comprising nstructions for:

maintaining a list of jobs awaiting execution and counts of

current numbers of the jobs on the list, of suspended jobs
and of executing jobs;

assigning jobs on the list of jobs to available threads among,

the plurality of threads for execution;
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upon an executing parent job having dependencies, spawn-
ing one or more child jobs corresponding to said depen-
dencies, suspending execution of said parent job, updat-
ing said list with said child jobs, and incrementing a
child jobs count associated with said parent job with a
number of the child jobs spawned, said suspending, said
incrementing and said updating said list with said child
10bs being performed by atomic operations without use

of locks;

decrementing said child jobs count upon each child job
completing execution, said decrementing being per-
formed by atomic operations without the use of locks,
and resuming execution of said suspended parent job 1n
response to said child jobs count associated with said
parent job becoming zero, wherein said resuming execu-
tion of said parent job comprises adding said parent job
to the list of jobs, and retrieving said parent job from said
l1st for execution by a thread; and

updating said list and said counts in response to jobs on the

list being assigned, suspended jobs resuming execution
and executing jobs being completed, said assigning,
maintaining and updating being performed by atomic
operations without the use of locks.

8. Computer readable non-transitory storage medium
according to claim 7 further comprising instructions for
incrementing said first count of jobs upon spawning said one
or more child jobs.

9. Computer readable non-transitory storage medium
according to claim 7, wherein upon an executing child job
with dependencies spawning one or more other child jobs,
said mstructions comprise instructions for suspending execu-
tion of said child job having dependencies, updating said list
with said one or more other child jobs, and incrementing
another child job count associated with said child job having
dependencies with a number of other child jobs spawned.

10. Computer readable non-transitory storage medium
according to claim 7 further comprising instructions for noti-
tying an available thread to become active and pick up a job
on the list for execution upon a count of jobs on the list
exceeding a predetermined threshold.
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